
- 
P R I N T  F I G .  / 

NOTICE 
22/ 

T h e  i n v e n t i o n  d isclosed i n  t h i s  d o c u m e n t  r e s u l t e d  f r o m  

r e s e a r c h  i n  a e r o n a u t i c a l  a n d  space a c t i v i t i e s  p e r f o r m e d  u n d e r  

programs of t h e  N a t i o n a l  A e r o n a u t i c s  a n d  Space A d m i n i s t r a t i o n .  

T h e  i n v e n t i o n  is owned  b y  NASA a n d  is, therefore ,  a v a i l a b l e  f o r  

l i c e n s i n g  i n  a c c o r d a n c e  w i t h  t h e  NASA P a t e n t  L i c e n s i n g  

R e g u l a t i o n  ( 1 4  C o d e  of Federa l  R e g u l a t i o n s  1 2 4 5 . 2 ) .  

r 

T o  e n c o u r a g e  commercial u t i l i z a t i o n  of NASA-owned i n v e n t i o n s ,  

i t  i s  NASA po l i cy  t o  g r a n t  l i c e n s e s  t o  commercial c o n c e r n s .  

A l t h o u g h  NASA e n c o u r a g e s  n o n e x c l u s i v e  l i c e n s i n g  t o  promote 

c o m p e t i t i o n  a n d  a c h i e v e  t h e  w i d e s t  possible u t i l i z a t i o n ,  NASA 

w i l l  c o n s i d e r  t h e  g r a n t i n g  of a l i m i t e d  e x c l u s i v e  l i c e n s e ,  

p u r s u a n t  t o  t h e  NASA P a t e n t  L i c e n s i n g  R e g u l a t i o n s ,  when s u c h  a 

l i c e n s e  w i l l  provide t h e  n e c e s s a r y  i n c e n t i v e  t o  t h e  l i c e n s e e  t o  

a c h i e v e  e a r l y  p r ac t i ca l  a p p l i c a t i o n  of t h e  i n v e n t i o n .  

A d d r e s s  i n q u i r i e s  a n d  a l l  a p p l i c a t i o n s  for l i c e n s e  f o r  t h i s  

i n v e n t i o n  t o  NASA R e s i d e n t  O f f i c e - J P L ,  NASA P a t e n t  C o u n s e l ,  

Mail Code 1 8 0 - 8 0 1 ,  4 8 0 0  Oak G r o v e  D r . ,  P a s a d e n a ,  CA 91103. 

A p p r o v e d  NASA forms f o r  a p p l i c a t i o n  f o r  n o n e x c l u s i v e  o r  
%- 

e x c l u s i v e  l i c e n s e  are a v a i l a b l e  from t h e  a b o v e  a d d r e s s .  ...- 
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AWARDS ABSTRACT 

The i n v e n t i o n  re la tes  t o  s e n s o r s  embedded on the  s u r f a c e  of  a robot 
hand, o r  o t h e r  moving member. By d i s t r i b u t i n g  p rox imi ty  s e n s o r s  c a p a b l e  
of d e t e c t i n g  d i s t a n c e s  and a n g l e s  t o  p o i n t s  on the s u r f a c e  of  a n  o b j e c t ,  
i n f o r m a t i o n  is o b t a i n e d  for a c h i e v i n g  noncon tac t ing  shape  and d i s t a n c e  
p e r c e p t i o n ,  i .e. ,  for a u t o m a t i c  d e t e r m i n a t i o n  of the object 's  shape ,  direc- 
t i o n  and d i s t a n c e ,  as well as the  o r i e n t a t i o n  o f  t he  o b j e c t  r e l a t i v e  t o  the 
r o b o t  hand or o t h e r  moving member. 

The s u r f a c e  on which t h e  p rox imi ty  s e n s o r s  of the  s y s t e m  are embed- 
ded may take any d e f i n e d  shape ,  the s i m p l e s t  of which is a p l a n a r  shape ,  
which i s  i l lus t ra ted  i n  FIG. 1 .  Each p rox imi ty  s e n s o r  c o n s i s t s  of a 
d e f i n e d  p a t t e r n  o f  i n t e r s p e r s e d  l i g h t  emitters E, -EI2  and r e c e i v e r s  R -R . 
A s  shown i n  FIG. 2,  each l i g h t  emitter c o n s i s t s  of. a l i g h t  e m i t t i n g . d i o  l 2  e 
11  and an o p t i c a l  g u i d e  12 t o  form a l i g h t  beam w i t h  its a x i s  t i l t e d  
s l i g h t l y  toward the c e n t e r  of a n  a d j a c e n t  r e c e i v e r  20 t h a t  is ei ther  closer 
or f u r t h e r  from the  c e n t e r  of the a r r a y ,  and a d i s p e r s i o n  a n g l e  of the beam 
s u f f i c i e n t  t o  span a n  a p e r t u r e  21 of the  l i g h t  r e c e i v e r  toward which it  is 
t i l t e d .  A s  shown i n  FIGs. 3a and 3b and FIGS. 4a and 4b ,  each l i g h t  re- 
c e i v e r  is comprised of  a g e o m e t r i c a l l y  d e f i n e d  nonplanar  s u r f a c e ,  such as  
t h e  i n s i d e  of a h e m i s p h e r i c a l  or c y l i n d r i c a l  s u r f a c e ,  and is embedded i n  
t he  r o b o t  hand, o r  other moving member t h a t  is t o  have a p rox imi ty  s e n s i n g  
c a p a b i l i t y ,  and an a r r a y  of l i g h t - s e n s i t i v e  d e v i c e s ,  such as p h o t o t r a n s i s -  
tors ,  which are  uniformly spaced on the g e o m e t r i c a l l y  d e f i n e d  nonp lana r  
s u r f a c e .  The p o s i t i o n  of a l i g h t - s e n s i t i v e  d e v i c e  i n  t h e  r e c e i v e r  which 
r e c e i v e s  t he  most reflected l i g h t  depends upon the  i n c i d e n c e  a n g l e  of t h e  
reflected l i g h t  a t  t he  a p e r t u r e ,  which i n  t u r n  depends upon the d i s t a n c e  
and o r i e n t a t i o n  of a n  o b j e c t  r e f l e c t i n g  l i g h t  from each one of t h e  emitters 
t u r n e d  on i n d i v i d u a l l y  i n  sequence. By t u r n i n g  on the  emitters one a t  a 
time i n  a known sequence,  the  s o u r c e  of  t he  l i g h t  is known a t  each moment 
of r e c e i v e d  l i g h t  by any of t h e  l i g h t - s e n s i t i v e  d e v i c e s  i n  each of the 
r e c e i v e r s  of t h e  c o n f i g u r a t i o n  shown i n  FIGs.  3 a  and 3b, and t h e  d i s t a n c e  
of the o b j e c t  can be determined from the geometry of FIG. 2 when u s i n g  a 
h e m i s p h e r i c a l  r e c e i v e r .  When u s i n g  a c y l i n d r i c a l  r e c e i v e r ,  the  d i s t a n c e  
and a n g l e  d e t e r m i n a t i o n  can be s i m i l a r l y  made by a more complex v e c t o r  
a n a l y  s i s . 

The nove l ty  of the  i n v e n t i o n  resides i n  the arrangement of m u l t i p l e  
r e c e i v e r s ,  and m u l t i p l e  l i g h t  emitters where on ly  one l i g h t  emitter is 
turr,ed on d t  a time, and each time a l l  r e c e i v e r s  de t e rmine  d i s t a n c e  and 
a n g l e  of ref lected l i g h t  from a n  object. 
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DISTRIBUTED PROXIMITY SENSOR SYSTEM 

O r i g i n  of t h e  I n v e n t i o n  
The i n v e n t i o n  described h e r e i n  was made i n  t he  perform- 

ance  of  work under  a N A S A  c o n t r a c t ,  and is s u b j e c t  t o  the 

5 p r o v i s i o n s  of P u b l i c  Law 96-517 (35 USC 202) i n  which the  

C o n t r a c t o r  has elected n o t  t o  r e t a i n  t i t l e .  

T e c h n i c a l  F i e l d  

The i n v e n t i o n  relates t o  a s e n s o r  for automated equip-  
10 ment, and p a r t i c u l a r l y  t o  a d i s t r i b u t e d  p rox imi ty  s e n s o r  

s y s t e m  for the hand o f  a robot, o r  other mechanical  member of 
automat i o n  equ ipmen t . 

Background A r t  

15 Many of t h e  complex t a sks  t o  be performed by robots, or 

r o b o t - l i k e  equipments  i n  assembly o p e r a t i o n s ,  r e q u i r e  a d e l i -  

cate i n t e r a c t i o n  between a hand, or other moving member, and 
a n  objest ,  o f t e n  i n  a poorly- s t r u c t u r e d  environment.  For such  

tasks ,  the  i d e n t i f i c a t i o n  of p r e c i s e  f u n c t i o n s  t o  be carried 
20 o u t  by a r o b o t  is o f t e n  ex t r eme ly  d i f f i c u l t ,  t o  a n t i c i p a t e  and 

program. T h i s  creates t h e  n e c e s s i t y  of hav ing  a robot c a p a b l e  
o f  a u t o m a t i c a l l y  c a r r y i n g  o u t  local tasks  i n v o l v i n g  self-adap- 

t a t i o n  to  env i ronmen ta l  c o n d i t i o n s  and u n c e r t a i n t i e s ,  l . e . ,  

creates the  n e c e s s i t y  of robot local autonomy. 
25 It is b e l i e v e d  t h a t  a "smart hand" i n t e g r a t e d  w i t h  

v a r i o u s  s e n s o r s  c a n  p l a y  a major role i n  accomplishing robot 

local  autonomy. Thei r  p o s s i b l e  roles i n c l u d e  t h e  a u t o m a t i c  
s cann ing ,  c e n t e r i n g ,  approach ing ,  c o l l i s i o n  d e t e c t i o n  and 
avoidance,  t r a c k i n g ,  g r a s p i n g ,  compliance and force c o n t r o l ,  

30 and even local m a n i p u l a t i o n  of a n  object. To accomplish these 

roles, a "smart hand" must depend h e a v i l y  on the c a p a b i l i t y  of 

a c c u r a t e l y  s e n s i n g  local In fo rma t ions .  Such s e n s i n g  i n v o l v e s  

a n  a c t i v e  search to  c o l l e c t  i n fo rma t ion  necessa ry  t o ,  e.g. ,  
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i d e n t i f y  the  g l o b a l  shape  of an object, which o f t e n  p l a y s  a 

s i g n i f i c a n t  r o l e  i n  s imply r e c o g n i z i n g  t h e  o b j e c t .  

S t a t emen t  of the  I n v e n t i o n  
5 Accordingly,  i t  is a n  o b j e c t  of  the i n v e n t i o n  t o  pro-  

v i d e  a d i s t r i b u t e d  s e n s o r  sys tem comprised o f  m u l t i p l e  proxim- 
i t y  s e n s o r s  embedded on t h e  s u r f a c e  of a r o b o t  hand, o r  other 

moving member. By d i s t r i b u t i n g  p rox imi ty  s e n s o r s  c a p a b l e  of 

d e t e c t i n g  d i s t a n c e s  and a n g l e s  t o  p o i n t s  on the  s u r f a c e  of a n  
10 o b j e c t ,  i n f o r m a t i o n  is o b t a i n e d  for a c h i e v i n g  n o n c o n t a c t i n g  

shape and d i s t a n c e  p e r c e p t i o n ,  i.e. , for au tomat i c  de t e rmina -  
t i o n  of  t h e  o b j e c t ' s  shape, d i r e c t i o n  and d i s t a n c e ,  as well as 
t h e  o r i e n t a t i o n  of the object r e l a t i v e  t o  the r o b o t  hand or 
other moving member. 

15 The surface on which the p rox imi ty  s e n s o r s  of t h e  

system are  embedded may take any d e f i n e d  shape ,  the s i m p l e s t  
of which is a p l a n a r  shape.  Each p rox imi ty  s e n s o r  c o n s i s t s  

of a d e f i n e d  p a t t e r n  of i n t e r s p e r s e d  l i g h t  emitters and re- 
c e i v e r s ,  such a s  t h i r t e e n  r e c e i v e r s  d i s t r i b u t e d  on two concen- 

20 t r i c  c i rc les ,  s i x  on a n  o u t e r  c i rc le  a t  p o i n t s  d e f i n i n g  a 

hexagon, and s i x  on a n  i n n e r  c i rc le  a t  p o i n t s  d e f i n i n g  a 
smaller hexagon c e n t e r e d  on the  o u t e r  hexagon, b u t  wi th  its 
p o i n t s  rotated 30" from t h e  p o i n t s  o f  t he  o u t e r  hexagon, and a 
t h i r t e e n t h  receiver a t  the  c e n t e r  of the  t w o  c o n c e n t r i c  hexa- 

25 gons such that  the  c e n t e r e d  r e c e i v e r  is spaced t o  form e q u i -  
l a te ra l  t r i a n g l e s  w i t h  each two a d j a c e n t  r e c e i v e r s  on t h e  
i n n e r  hexagon, and each of the  r e c e i v e r s  on the  o u t e r  hexagon 
forms a n  e q u i l a t e r a l  t r i a n g l e  w i t h  two a d j a c e n t  r e c e i v e r s  on 
the  i n n e r  hexagon. The l i g h t  emitters, twe lve  i n  number, are 

30 dispersed  wi th  one i n  the  c e n t e r  of  each g roup  of three re- 
c e i v e r s  t ha t  d e f i n e  an e q u i l a t e r a l  t r i a n g l e .  

Each l i g h t  emitter c o n s i s t s  of a l i g h t  e m i t t i n g  d i o d e  

and a n  o p t i c a l  g u i d e  t o  form a l i g h t  beam w i t h  its a x i s  t i l t e d  

s l i g h t l y  toward t h e  c e n t e r  of a n  a d j a c e n t  r e c e i v e r  t h a t  is 
35 e i ther  closer o r  f u r t h e r  from t h e  c e n t e r  of the array,  and a 
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d i s p e r s i o n  a n g l e  of t h e  beam s u f f i c i e n t  t o  span  an a p e r t u r e  of 

the  l i g h t  r e c e i v e r  toward which i t  is t i l t e d .  Thus, t h e  

twelve l i g h t  emitters are d i s p e r s e d  on two c i rc les ,  s i x  on a n  
o u t e r  c i rc le ,  a l t e r n a t e l y  t i l t e d  i n  and o u t  w i t h  r e s p e c t  t o  

5 t h e  c e n t e r  of  the  a r r a y ,  and s i x  on an i n n e r  c i rc le  alter-  
n a t e l y  t i l t e d  i n  and o u t  i n  a similar manner, and p o s i t i o n e d  
on t h e  same rad ia l  l i n e  as  emitters on the o u t e r  c i rc le ,  b u t  
t i l t e d  i n  t he  o p p o s i t e  d i r e c t i o n  from the emitters on the 

o u t e r  c i rc le  so tha t  they  a l t e r n a t e l y  t ilt  toward and away 
10 from each other i n  s i x  rad ia l  l i n e  p o s i t i o n s  spaced a t  60° 

i n t e r v a l s .  
Each l i g h t  r e c e i v e r  is comprised of a g e o m e t r i c a l l y  

d e f i n e d  nonplanar  s u r f a c e ,  such as  the i n s i d e  of a hemispheri-  

ca l  o r  c y l i n d r i c a l  s u r f a c e ,  and is embedded i n  t h e  r o b o t  hand, 
15 o r  other moving member t h a t  is t o  have a p rox imi ty  s e n s i n g  

c a p a b i l i t y ,  and a n  a r r a y  of l i g h t - s e n s i t i v e  d e v i c e s ,  such  as 
p h o t o t r a n s i s t o r s ,  which are uniformly spaced on the  geomet r i -  

c a l l y  d e f i n e d  nonplanar  surface. A l e n s  over  an a p e r t u r e  
through which reflected l i g h t  is r e c e i v e d  p r o v i d e s  a p i n h o l e  

20 camera e f fec t  i n  f o c u s i n g  l i g h t  i n t o  the r e c e i v e r .  The p o s i -  

t i o n  of a d e v i c e  i n  t he  r e c e i v e r  which r e c e i v e s  t h e  most 

reflected l i g h t  depends upon the inc idence  a n g l e  o f  t h e  re- 

f lected l i g h t  a t  the a p e r t u r e ,  which i n  t u r n  depends upon the  

d i s t a n c e  and o r i e n t a t i o n  of an object r e f l e c t i n g  l i g h t  from 
25 each one of t h e  emitters t u r n e d  on i n d i v i d u a l l y  i n  sequence.  

By t u r n i n g  on t h e  emitters one a t  a time i n  a known sequence,  
t h e  s o u r c e  of t h e  l i g h t  is known a t  each moment o f  r e c e i v e d  
l i g h t  by any o f  t h e  l i g h t - s e n s i t i v e  d e v i c e s  i n  each of t h e  

r e c e i v e r s ,  and t h e  d i s t a n c e  o f  the  o b j e c t  c a n  b e  de t e rmined  
30 from the  e q u a t i o n :  

2 
COS e 

d =  Xc’ s i n  (e,+e2) 
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where Xc is the d i s t a n c e  between t h e  l i g h t  emitter t u r n e d  on 

and axis  of  the l i g h t  r e c e i v e r ,  8, is the  emitter tilt a n g l e ,  
and O 2  is the  a n g l e  of the  r e c e i v e d  l i g h t  wi th  respect t o  t h e  

a x i s  of t he  r e c e i v e r  ( h e m i s p h e r i c a l  o r  c y l i n d r i c a l ) .  Given 
5 t h a t  t h i s  d i s t a n c e  measurement can be made for eve ry  r e c e i v e r -  

emitter p a i r  of  t h e  s e n s o r  sys t em embedded i n  a hand, o r  o t h e r  
moving member of  a r o b o t  or au tomat ion  equipment,  the  s e n s o r  
system p r o v i d e s  i n f o r m a t i o n  f o r  a c h i e v i n g  noncon tac t ing  pe r -  

c e p t i o n  capab le  of c a r r y i n g  o u t  r e c o g n i t i o n  of t h e  three- 

10  d imens iona l  shape of a n  object,  its d i s t a n c e ,  and its rela- 

t i v e  p o s i t i o n  and o r i e n t a t i o n .  
The nove l  f e a t u r e s  t h a t  are c o n s i d e r e d  character is t ic  

of t h i s  i n v e n t i o n  are s e t  f o r t h  w i t h  p a r t i c u l a r i t y  i n  t h e  
appended claims. The i n v e n t i o n  w i l l  best b e  understood from 

15 the fo l lowing  d e s c r i p t i o n  when read i n  c o n n e c t i o n  wi th  t h e  

accomp any i ng d r  a w i  ng s . 

Brief D e s c r i p t i o n  o f  t h e  Drawings 
FIG, 1 i l l u s t r a t e s  s c h e m a t i c a l l y  a n  a r r a y  o f  l i g h t  

20 emitters and r e c e i v e r s  i n  a d i s t r i b u t e d  p rox imi ty  s e n s o r  
embedded i n  the  p l a n a r  s u r f a c e  of a r o b o t  hand or o t h e r  me- 
c h a n i c a l  member of au tomat ion  equipment,  r e p r e s e n t e d  by a 

c i r c l e  e n c l o s i n g  the array. 

. .  

FIG, 2 i l l u s t r a t e s  schematically a diagram of a cross 
25  s e c t i o n  t aken  on the l i n e  2-2 i n  the schematic diagram of FIG. 

1 and an object to  d e f i n e  the  problem tha t  must be s o l v e d  i n  
order t o  de te rmine  the  d i s t a n c e  of  a r e c e i v e r  from a n  o b j e c t .  

FIGS 3a and 3b i l l u s t r a t e  s c h e m a t i c a l l y  a f r o n t  view 
and a c r o s s - s e z t i o n a l  view of a l i g h t  r e c e i v e r  for the s y s t e m  

30 of FIG. 1 .  

FIC.4 i l l u s t r a t e s  schematically a l o n g i t u d i n a l  cross 
s e c t i o n  of  a second embodiment of a l i g h t  r e c e i v e r  for t h e  

sys t em of  FIG. 1 .  
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FIGS. Sa, b and c i l l u s t r a t e  schematically t h e  v a r i a -  

t i o n  o f  image p o s i t i o n  as  a f u n c t i o n  of  t he  cone a n g l e  o f  a 
c o n i c a l  r e f l e c t o r  i n  the  embodiment of FIG.  4. 

FIG. 6 i l l u s t r a t e s  s c h e m a t i c a l l y  a c y l i n d r i c a l  r e c e i v e r  

5 and a r e f l e c t i o n  p o i n t  P' on a n  object ( n o t  shown) t o  o u t l i n e  
the  g e n e r a l  n a t u r e  of the  problem t h a t  must be  s o l v e d  i n  o r d e r  
t o  de t e rmine  the  d i s t a n c e  of a r e c e i v e r  from a n  object. 

Detailed D e s c r i p t i o n  of  the I n v e n t i o n  
R e f e r r i n g  to  FIG. 1, t he  basic a r c h i t e c t u r e  o f  a prox- 

i m i t y  s e n s o r  is an array of d i s t r i b u t e d  l i g h t  emitters El 

through E12 and r e c e i v e r s  R1 through R 1 3  embedded i n  t h e  

s u r f a c e  of a robot hand (pa'lm and /o r  f ' i n g e r s ) ,  o r  moving 

member o f  au tomat ion  equipment,  as  r e p r e s e n t e d  by a c i r c l e  10 

. .  
10 

15 e n c l o s i n g  the a r r a y .  The array is p r e f e r a b l y  d i s t r i b u t e d  on a 
p l a n a r  s u r f a c e  t o  s i m p l i f y  t he  d e t e r m i n a t i o n  of d i s t a n c e  and 
o r i e n t a t i o n  of  a n  o b j e c t  by the t r i a n g u l a t i o n  method i l l u s -  
t ra ted i n  FIG. 2. However, the  s u r f a c e  may have any known 
geomet r i c  shape that  may be t a k e n  i n t o  accoun t  by t he  mathe- 

20 matics r e q u i r e d  for  the  t r igonomet ry  invo lved  i n  the problem. 
Each l i g h t  emitter c o n s i s t s  o f  a l i g h t  e m i t t i n g  diode 

(LED)  1 1  and an op t i ca l  g u i d e  12 ( o r  o p t i c a l  f i be r )  t o  form a 
l i g h t  beam w i t h  a small d i s p e r s i o n  a n g l e ,  and a small t ilt  

a n g l e  8 , .  As an a l t e r n a t i v e  t o  embedding a l i g h t  e m i t t i n g  
25 d i o d e  a t  each emitter p o s i t i o n  t o  be independen t ly  a c t i v a t e d ,  

l i g h t  from a s i n g l e  l i g h t  e m i t t i n g  d i o d e  may be d i s t r i b u t e d  
t o  t h e  s u c c e s s i v e  p o s i t i o n s  El through E12 u s i n g  a m u l t i p l e x e r  
or d i s t r i b u t o r ,  such  a s  a r o t a t i n g  m i r r o r  which def lec ts  l i g h t  

from the  s i n g l e  s o u r c e  t o  t h e  p o s i t i o n s  El t h rough  E6 i n  

30 sequence and then ,  upon t i l t i n g  the mirror s l i g h t l y ,  d i s t r i b -  

u t i n g  the l i g h t  to  the  A s t e p p i n g  
motor ( n o t  shown) for r o t a t i o n  and a t i l t i n g  cam geared t o  t h e  

s t e p p i n g  motor is a l l  t h a t  would b e  required t o  a c t i v a t e  the  

l i g h t  e m i t t i n g  p o s i t i o n s  El through E12 i n  sequence. The 

35 d i g i t a l  s e r v o  sys tem for t h i s  r o t a t i o n  and t i l t i n g  mechanism 

_ .  

p o s i t i o n s  E7 t h rough  E12. 
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would t h u s  p r o v i d e  i n f o r m a t i o n  s i g n a l s  SEI through SE12 t o  

i n d i c a t e  which emitter is b e i n g  a c t i v a t e d .  Otherwise, a 
s t e p p i n g  c o u n t e r  a c t i v a t o r  13 w i l l  e lec t r ica l ly  e n e r g i z e  t h e  

emitters i n  sequence  and p r o v i d e  the  i n f o r m a t i o n  s i g n a l s  
i n d i c a t i n g  which emitter is b e i n g  a c t i v a t e d  a t  any g i v e n  time. 

Cur ren t  from t h e  l i g h t  detected by each r e c e i v e r  

t h rough  a n  array o f  l i g h t - s e n s i t i v e  d e v i c e s  on the i n s i d e  
s u r f a c e  of a hemispherical s t r u c t u r e  shown i n  FIGS. 3a and 3b 

is coupled i n t o  a d i g i t a l  p r o c e s s o r  14 through cables i d e n t i -  
f i e d  i n  FIG.  1 by t h e  r e f e r e n c e s  PRl through PR13, and shown 
i n  F I G .  3 for one r e c e i v e r  Rl as  a cable PRI for  the  r e c e i v e r  

R i .  Each conduc to r  of  t h e  cable is s e p a r a t e l y  connected t o  a 
l i g h t - s e n s i t i v e  d e v i c e  o f  a n  a r r a y  which is, for example, on a 
dedicated very large scale i n t e g r a t e d  c i r c u i t  ( V L I C )  ch ip .  

Each V L I C  c h i p  selects  and i d e n t i f i e s  the  conductor  having t h e  

greatest  ampl i tude  and t h e n  carries o u t  the c a l c u l a t i o n s  
necessa ry  t o  s o l v e  for t h e  d i s t a n c e  t o  a l i g h t  r e f l e c t i n g  
o b j e c t  from t h e  e q u a t i o n :  

5 

10 
. -  

15 

2 
20 COS e 

d =  
s i n  (e ,+e2)  'c: 

This  d i s t a n c e  i n f o r m a t i o n  from each of  the r e c e i v e r s  is t h e n  
u t i l i z e d  t o  de t e rmine  no t  on ly  d i s t a n c e  to  the  o b j e c t  b u t  a l s o  

25 the shape of t h e  object,  and the p o s i t i o n  and o r i e n t a t i o n  of 

t h e  o b j e c t  r e l a t i v e  t o  t h e  robot hand, or member o f  automated 

equipment,  i n  o r d e r  t o  c o n t r o l  it. 
R e f e r r i n g  t o  FIG. 2, t h e  l i g h t  e m i t t i n g  d i o d e  (LED) 1 1  

and gu ide  12 (or  the  e q u i v a l e n t  u s i n g  an op t ica l  f iber )  are 

30 o r i e n t e d  w i t h  a small a n g l e  w i t h  r e s p e c t  t o  an a x i s  A 

normal t o  the p l a n a r  mounting s u r f a c e  16. L i g h t  reflected 

from a n  o b j e c t  s u r f a c e  18 e n t e r s  a h e m i s p h e r i c a l  l i g h t  re- 

. .  

c e i v e r  20 through an a p e r t u r e  21. A l i g h t  s e n s o r  i n  t he  

hemispherical r e c e i v e r  a t  a p o i n t  P r e c e i v i n g  the greatest  

i n t e n s i t y  of  l i g h t  p roduces  a s i g n a l  i d e n t i f y i n g  the p o i n t .  A 35 



known a n g l e  O2 from a rad ia l  l i n e  and tha t  p o i n t  P and an axis 

B normal t o  t h e  mounting s u r f a c e  is t h u s  determined.  The 

d i s t a n c e  d can t h e n  b e  r e a d i l y  determined by s o l v i n g  the above 
e q u a t i o n s  from the  known d i s t a n c e  X, between t h e  emitter a x i s  

5 A and t h e  r e c e i v e r  a x i s  B. Note t h a t  t he  r e f l e c t a n c e  a n g l e  8 

is e q u a l  to  O1+e2, and t h a t  the  a n g l e  is t h e  known tilt 

a n g l e  of the emitter. S i n c e  O2 is t h e  tilt  a n g l e  of the  l i g h t  

s e n s i n g  d e v i c e  r e c e i v i n g  the  g r e a t e s t  i n t e n s i t y  of l i g h t  i n  

the  r e c e i v e r .  That a n g l e  may be  stored by t h e  d i g i t a l  p r o c e s -  
sor i n  a t ab le  for the  l i g h t  emitter Ei and r e c e i v e r  Ri combi- 

n a t i o n ,  and read o u t  upon i d e n t i f y i n g  the p o i n t  P r e c e i v i n g  
the g r e a t e s t  magnitude o f  l i g h t  a t  the time the l i g h t  emitter 
Ei is t u r n e d  on. T h i s  is done for each of the  t h i r t e e n  re- 
c e i v e r s  b e f o r e  t h e  sys tem s teps  t o  t h e  n e x t  of e l e v e n  emit- 

15 ters. The e n t i r e  sequence is c o n t i n u a l l y  r e p e a t e d  under 
synchronous c o n t r o l  o f  t h e  l i g h t  emitters by the  d i g i t a l  

p r o c e s s o r  v i a  a l i n e  22. 

10 

T h i s  unique r e l a t i o n s h i p  between the r e f l e c t a n c e  a n g l e  
8 and the  t i l t  a n g l e  O2 of the  l i g h t  s e n s i t i v e  d e v i c e  i n  the 

20 r e c e i v e r  d e f i n e s  the  d i s t a n c e  d. From in fo rma t ion  similarly 

g a t h e r e d  from a l l  t h i r t e e n  l i g h t  r e c e i v e r s  i n  the  a r r a y  shown 
i n  FIG. 1, t h e  shape,  d i r e c t i o n ,  d i s t a n c e  and o r i e n t a t i o n  o f  

t he  o b j e c t  can  be de te rmined ,  i f  n o t  from one s i n g l e  look by 
a l l  t h i r t e e n  r e c e i v e r s ,  t h e n  from a s u c c e s s i o n  o f  l o o k s  w i t h  

25 some r e l a t i v e  motion between each look of the  p r o x i m i t y  s e n s o r  
system of FIG. 1 r e l a t i v e  t o  the  object between each look. 

With one p r o x i m i t y  s e n s o r  sys tem embedded i n  each 

f i n g e r  o f  a r o b o t  hand, and one embedded i n  the  palm, t he  

d i g i t a l  p r o c e s s o r  can  deve lop  three d imens iona l  i n f o r m a t i o n  
30 about the o b j e c t .  The programs necessa ry  for  accomplishing 

a l l  t h a t  are complex, b u t  well w i t h i n  t h e  s k i l l  of the art. 
The p r e s e n t  i n v e n t i o n  does n o t  address t h a t ,  b u t  rather j u s t  

the  p rox imi ty  s e n s o r  sys t em.  N e v e r t h e l e s s  a g e n e r a l  o u t l i n e  
o f  how the p rox imi ty  s e n s o r  system is t o  be  used w i l l  now be 

35 s e t  fo r th .  
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To f a c i l i t a t e  de te rmin ing  the  d i s t a n c e  d us ing  each of 

t h e  t h i r t e e n  r e c e i v e r s  R, t h rough  R 1 3 ,  look-up tables may be 

g e n e r a t e d  f o r  a l l  p o s s i b l e  v a l u e s  of  O2 f o r  each l i g h t  emitter 

Ei. I n  t h a t  manner, t he  d i g i t a l  p r o c e s s o r  14 need on ly  select  
5 the  a p p r o p r i a t e  table  for  each combinat ion of emitter and 

r e c e i v e r ,  and from the p o s i t i o n  o f  l i g h t  s e n s i n g  d e v i c e  re- 

c e i v i n g  t h e  greatest  i n t e n s i t y  of l i g h t  i n  the r e c e i v e r ,  
r e a d i n g  o u t  t h e  v a l u e  of d i s t a n c e  which has been precomputed 
from t h e  e q u a t i o n  above and s t o r e d .  To de te rmine  which l i g h t -  

10 s e n s i n g  d e v i c e  h a s  t he  greatest i n t e n s i t y ,  a f lw inne r - t ake -a l l "  
c i r cu i t  may b e  employed which, for example, i n c l u d e s  an o u t p u t  
a m p l i f i e r  f o r  each l i g h t  s e n s i n g  d e v i c e  and i n h i b i t i n g  feed- 

back from each a m p l i f i e r  t o  a l l  others. That w i l l  c a u s e  a n  

i n c r e a s e  o f  c u r r e n t  a t  the o u t p u t  of  t h e  a m p l i f i e r  f o r  t h e  

l i g h t  s e n s i n g  d e v i c e  r e c e i v i n g  the  most l i g h t ,  and a r e d u c t i o n  
of t he  c u r r e n t  a t  the o u t p u t  of a l l  o t h e r  amplif iers .  The 

r e g e n e r a t i v e  effect  of t h i s  feedback w i l l  c o n t i n u e  u n t i l  on ly  
one amplif ier  has any o u t p u t  c u r r e n t .  

15 

The f u n c t i o n  o f  such a winne r - t ake -a l l  c i r c u i t  c o u l d  be  

20 implemented i n  an a l t e r n a t i v e  way, such as by  a d j u s t i n g  a 

g l o b a l  t h r e s h o l d  for a l l  a m p l i f i e r s  u n t i l  on ly  one is st i l l  

producing a n  o u t p u t .  S t i l l  o t h e r  c i r c u i t s  may be used f o r  
such  a winne r - t ake -a l l  f u n c t i o n .  See Lippman, Richard P., "An 
I n t r o d u c t i o n  t o  Computing w i t h  Neura l  Nets," IEEE ASSP Maga- 

25 z i n e ,  pp 4-22, A p r i l  1987, on the  t o p i c  a t  page 10 o f  select-  
i n g  or enhancing the  i n p u t  w i th  a maximum v a l u e .  

Yet a n o t h e r  t e c h n i q u e  would be f o r  t h e  d i g i t a l  p r o c e s -  
s o r  t o  p o l l  eve ry  l i g h t - s e n s i t i v e  d e v i c e  i n  sequence,  and 
compare the ampl i tude  of each i n  s u c c e s s i o n  w i t h  t h e  h i g h e s t  

30 one found t h u s  fa r  i n  the sequence and s t o r e  ( together  w i t h  

i ts  i d e n t i f i c a t i o n  number) the ampl i tude  of the l a s t  " h i g h e s t  
one" found, each time d i s c a r d i n g  the  p r e v i o u s  "h ighes t  one" 

s t o r e d .  I n  t h a t  way, o n l y  the  v a l u e  of  h ighes t  ampl i tude  and 

its i d e n t i f i c a t i o n  number s u r v i v e s  t he  p o l l i n g  sequence o f  a l l  

35 the l i g h t - s e n s i t i v e  d e v i c e s  i n  t he  receiver. The i d e n t i f i c a -  
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t i o n  number is then  used t o  read o u t  a tab le  the  va lue  of the 

a n g l e  O2 i n  o r d e r  t o  b e  able t o  compute t h e  d i s t a n c e  d, and 
from t h a t  d i s t a n c e  computed i n  the c o u r s e  o f  t u r n i n g  on other 

emitters i n  sequence d e f i n e  other desired in fo rma t ion ,  such  as  
5 the  o b j e c t ,  shape and o r i e n t a t i o n .  A l t e r n a t i v e l y ,  f o r  each 

a n g l e  O2 and the  d i s t a n c e  X, between the  emitter and r e c e i v e r  
p a i r ,  t he  d i s t a n c e  d may be predomputed and s t o r e d  i n  the 

table i n s t e a d  of the  v a l u e  o f  the a n g l e  02.  

R e f e r r i n g  t o  FIGS. 3a and 3b, t he  s t r u c t u r e  of t h e  

r e c e i v e r  Ri i n  t he  set  of r e c e i v e r s  R, through R I 3  i n  FIG, 1 ,  

is comprised of a h e m i s p h e r i c a l  s t r u c f u r e  as shown i n  FIG. 3b 
10 

. .  

embedded w i t h  an array of l i g h t - s e n s i n g  d e v i c e s  s t a r t i n g  wi th  

one i n  the c e n t e r  and r i n g s  of l i g h t - s e n s i n g  d e v i c e s  around 
t h e  c e n t e r  one p r o g r e s s i n g  from t h e  one c e n t e r e d  and p r o g r e s s -  

15 i ng  outward, as shown i n  FIG. 3a f o r  f o u r  c o n c e n t r i c  r i n g s  
a b o u t  a c e n t e r  one t h a t  can be s e e n  through an a p e r t u r e  25. 
This  arrangement  of the  a p e r t u r e  and s e n s o r s  e f f e c t i v e l y  
p r o v i d e s  l a t i t u d e  and l o n g i t u d e  p o s i t i o n  data f o r  each l i g h t  

s e n s i n g  d e v i c e  down t o  a l a t i t u d e  of abou t  1 5 O .  I n  p r a c t i c e ,  
20 a s e n s i n g  device a t  a l a t i t u d e  less  t h a n  abou t  1 5 O  w i l l  n o t  b e  

i n  a p o s i t i o n  of i n t e r e s t  p r i m a r i l y  because  the  s u r f a c e  of  t h e  

object 18 (FIG. 2) would t h e n  b e  t o o  c l o s e  ( v e r y  n e a r l y  touch-  
i n g )  the  s u r f a c e  16 on which the array and r e c e i v e r s  are 
embedded fo r  any meaningful ac t ion  t o  be  t aken .  A t  such c lose 

25 range,  t a c t i l  rather than  o p t i c a l  s e n s o r s  should be re l ied 

upon for f u r t h e r  c o n t r o l  of t h e  robot hand or o t h e r  moving 
member. 

The i n s i d e  r a d i u s  o f  t h e  h e m i s p h e r i c a l  r e c e i v e r  may b e  

t y p i c a l l y  4 mm, for a t o t a l  diameter a c r o s s  the  s p a c e  i t  

30 occup ies  i n  t h e  s t r u c t u r e  o f  t y p i c a l l y  10 mm, and a t o t a l  
dep th  of abou t  5 mm. 

A l e n s  25 (shown i n  FIG, 2 and FIG. 3b) may be p l a c e d  
ove r  t h e  a p e r t u r e  25 t o  f o c u s  l i g h t  and t h u s  create as much of 

a p i n h o l e  e f f ec t  as  p o s s i b l e  f o r  an emitter image ( l i g h t  beam 

35 from a n  a c t u a t e d  emitter). Roughly speak ing ,  t h i s  hemisphe r i -  



ca l  (half-dome) s t r u c t u r e  is l i k e  a m i n i a t u r e  camera c o l l e c t -  
i n g  the  scattered l i g h t  from a n  o b j e c t  s u r f a c e  t o  form a n  
image on the  i n s i d e  s u r f a c e  embedded w i t h  l i g h t  s e n s i n g  de- 

v i c e s .  As t h e  p o s i t i o n  o f  t h e  a c t u a t e d  l i g h t  emitter changes ,  
5 the  p o s i t i o n  of t h e  l i g h t - s e n s i t i v e  d e v i c e  r e c e i v i n g  the 

g r e a t e s t  amount of  the  reflected l i g h t  from t h e  o b j e c t  w i l l  

change so t h a t  for each of t h e  emitters El through E12 there 

is a d i f f e r e n t  look f o r  each of the  r e c e i v e r s  R1 t h rough  R13. 

Th i s  p r o v i d e s  f o r  much g r e a t e r  i n f o r m a t i o n  t o  be- o b t a i n e d  t h a n  
10 from, f o r  example, a s i m p l e  a r r a y  o f  p i x e l  d e t e c t i n g  d e v i c e s  

i n  an image s e n s i n g  p l a n e  such as commonly used i n  a CCD 

(charge coupled d e v i c e )  v i d e o  camera tha t  can produce on ly  a 
2-dimensional image w i t h o u t  a t h i r d  dimension f o r  g r e a t e r  

i n fo rma t ion .  
15 T h i s  embodiment of  t h e  i n v e n t i o n  u s i n g  a h e m i s p h e r i c a l  

s t r u c t u r e  f o r  a l i g h t  r e c e i v e r ,  and an a r r a y  comprised of 

t h i r t e e n  l i g h t  r e c e i v e r s  and twelve l i g h t  emitters, had as  its 

o b j e c t i v e  t h e  enhanced accu racy  and extended view s i g h t  as  

well as  m i n i a t u r i z i n g  t h e  s e n s i n g  d e v i c e s  i n  a r e c e i v e r  i n  
20 order t o  mount a d i s t r i b u t e d  p rox imi ty  s e n s o r  on r o b o t  f i n g e r s  

as  well as t h e  palm of  a hand. The a l l o c a t i o n  of  r e c e i v e r s  and 
l i g h t  s o u r c e s  shown i n  FIG. 1 was made by a p p l y i n g  heur i s t ica l  

r u l e s  ( r e q u i r e m e n t s )  of  minimum s p a c e  f o r  a g i v e n  number o f  
emitters and receivers, maximum i n p u t  f l u x  fo r  i n c r e a s i n g  

25 measurable  d i s t a n c e  and o r i e n t a t i o n ,  and o v e r l a p  o f  measu rab le  
r anges .  The r e s u l t i n g  d e s i g n  was made wi th  a d i s t a n c e  measur- 
i n g  r e s t r i c t i o n  of 1 cm t o  5 cm, and an o r i e n t a t i o n  restric- 

t i o n  of - 6 O O  t o  +60°, w i t h  an expec ted  e r r o r  i n  measurement i n  
the  res t r ic ted  range  o f  a b o u t  0.01 mm t o  0.02 nm per m i l l i m e -  

30 t e r  d i s t a n c e .  Although t h i s  d e s i g n  meets t h e  o b j e c t i v e ,  t he  

c o s t  of f a b r i c a t i n g  a nonp lana r  i n t e g r a t e d  c i r c u i t  as the best 

mode of  producing the  r e c e i v e r s  has l e d  t o  a second embodi- 

ments f o r  t h e  r e c e i v e r s .  

. 

A second embodiment of the i n v e n t i o n  us ing  a c y l i n d r i -  

35 cal  s t r u c t u r e  w i l l  now be  d e s c r i b e d  w i t h  r e f e r e n c e  t o  FIG. 4 
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which shows i n  cross section a hollow cyl indrical  s t ruc ture  30 
f o r  receiving l i nea r  arrays 32 of light-sensing devices d i s -  

posed on the inside of the cyl indrical  wall, each l inear  array 
being pa ra l l e l  t o  the axis  of the cyl indrical  s t ructure ,  and 

5 ideally so many a s  to  completely l i n e  t h e  wall w i t h  arrays 

adjacent to  each other,  b u t  i n  pract ice  a s  few as  nine l inear  

arrays are centered a t  40° in te rva ls ,  each f i l l i n g  a sector  of 

about 2 0 ° ,  as  may be more clear ly  seen i n  FIG, 4b, where the 

posit ions of the arrays 32 are  numbered 1 through 9 clockwise. 
10 Note that  a cross section shown i n  FIG. 4a has been taken on a 

l i n e  4a --- 4a i n  FIG. 4b passing through array posit ions 1 

and 5 t o  show an array centered a t  the top of FIG. 4b and an 

array centered a t  the bottom of FIG. 4b, when i n  pract ice  i t  

is clear  from FIG, 4b there are  no l inear  arrays of sensors 
15 diametrically opposite each other. I t  is believed that  t h u s  

providing nine arrays,  such tha t  there are no two diametrical- 
l y  opposite each other, i t  w i l l  be eas ie r  t o  determine which 

array has a sensor receiving the greatest  amount of l i gh t ,  
although for  the grea tes t  degree of resolution, the e n t i r e  

20 surface of the cy l indr ica l  wall w i l l  ideally be covered w i t h  

l inear  array. 
A lens  34 shown i n  FIG. 4a focuses t h e  incoming l i g h t  

t o  a spot projected t o  be on the base of a cone-shaped re f lec-  
to r  36 tha t  interrupts  the ref lected l i g h t  from an object and 

25 d i r ec t s  i t  onto the l inear  arrays. A s  shown i n  FIGS. 5a, b 

and c, receiver arrays which are positioned on the same s ide 
of the cone axis  a s  l i g h t  ref lected from a point P' on an 

object w i l l  have meaningful information a s  do a l l  others  
because other l ight-sensi t ive arrays a re  always illuminated. 

30 Using t h i s  charac te r i s t ic ,  x and y coordinates of the  l i g h t  

spot ref lected from an object can be determined r e l a t ive  t o  
the cone axis. For instance, i f  the posi t ion of the l i g h t  

spot from the object is on the axis ,  l ight-sensi t ive devices 
of each l inear  array w i l l  be illuminated t o  the same leve l  

35 from the base of the cone, that  level  forming a c i r c l e  i n  the 
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wall of the  c y l i n d r i c a l  s t r u c t u r e .  I f  t h e  s p o t  is a t  a posi-  

t i o n  P t o  one s ide of the cone ax is ,  t h e  r e s u l t  is t h a t  the  

l e v e l  t o  which l i g h t - s e n s i t i v e  d e v i c e s  are i l l u m i n a t e d  w i l l  

form an e l l i p s e ,  w i t h  a larger major ax is  as t h e  a n g l e  by 

5 which t h e  p o s i t i o n  P is d isp laced  from the  cone axis in -  
creases. In fo rma t ion  t h u s  g a t h e r e d  from a l l  r e c e i v e r s  f o r  

each emitter i n  sequence w i l l  t h u s  p r o v i d e  s u f f i c i e n t  d i s t a n c e  
i n f o r m a t i o n  t o  de t e rmine  o v e r a l l  d i s t a n c e ,  shape and o r i e n t a -  

t i o n  of the  o b j e c t .  
10 FIGs. 5a, b and c i l l u s t r a t e  t he  e f fec t  of  v a r y i n g  the  

cone a n g l e  a from 60° t o  30" i n  1 5 O  increments .  As may b e  

a p p r e c i a t e d ,  t h i s  cone a n g l e  does n o t  s i g n i f i c a n t l y  v a r y  t h e  

r e s o l u t i o n  o f  range o r  d i s t a n c e ,  d. The f u r t h e r  t h e  p o i n t  P' 
from t h e  l e n s  of  t he  r e c e i v e r ,  t h e  smaller the  a n g l e  of t h e  

p o i n t  P' from t h e  a x i s  o f  the  cone, and t h e  less the h e i g h t  of 

i l l u m i n a t i o n  of t he  c y l i n d r i c a l  wall by the  reflected l i g h t  
from the  c o n i c a l  ref lector ,  r e g a r d l e s s  of  t h e  s i z e  of  t h e  cone 

a n g l e ,  as may be a p p r e c i a t e d  by  comparing the dot ted  l i n e s  
from the  p o i n t  P' w i t h  the  dash-dot l i n e s  from the p o i n t  Pn i n  

20 FIGs. 5a, b and c. S i m i l a r l y ,  the  g r e a t e r  the  a n g l e  of t h e  

p o i n t  P' from t h e  a x i s  of the  cone, t h e  greater the  h e i g h t  of 

i l l u m i n a t i o n  of  the  c y l i n d r i c a l  wall. But r e g a r d l e s s  of the 

a n g l e  and the d i s t a n c e  of  the  p o i n t  P', v e c t o r  a n a l y s i s  of the 

geometry may be used t o  de te rmine  the  d i s t a n c e .  Once the  

25 d i s t a n c e s  from a g i v e n  l i g h t  emitter t o  d i f f e r e n t  l i g h t  re- 
c e i v e r s  is de te rmined ,  there is s u f f i c i e n t  i n f o r m a t i o n  t o  
beg in  d e f i n i n g  the d i s t a n c e ,  shape and o r i e n t a t i o n  of t h e  

object. Similar i n f o r m a t i o n  from d i f f e r e n t  l i g h t  emitters 

t u r n e d  on i n  sequence w i l l  f i l l  i n  complete  th ree -d imens iona l  
30 i n f o r m a t i o n  abou t  the  l i g h t  r e f l e c t i n g  o b j e c t  r e l a t i v e  t o  t h e  

m u l t i p l e  proximity s e n s o r s  i n  the  d i s t r i b u t e d  s e n s o r  sys t em of 

FIG. 1. 

15 

. .  
It  should b e  r ecogn ized  from FIG. 5a, for example, t h a t  

u n l e s s  the p o i n t  P' is on the axis,  the cone of  rerlected l i g h t  
35 w i l l  i l l u m i n a t e  t he  wall  of the  c y l i n d e r  t o  a maximum h e i g h t  
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from t h e  base o f  t h e  r e f l e c t i n g  cone on t h e  same side of t h e  

cone a x i s  as the  p o i n t  P', and to  a minimum h e i g h t  on the  

d i a m e t r i c a l l y  o p p o s i t e  side.  Those two p o i n t s  shown i n  FIG. 6 
of the  maximum he igh t  p i x e l ,  Ym, and the  minimum h e i g h t  

p i x e l ,  Ym, f i x  t he  major a x i s  o f  a n  e l l ipse.  T h e o r e t i c a l l y ,  
t h a t  major a x i s  between p o i n t s  Ym and Ym, t h e  c e n t e r  of the 

l e n s ,  0 ,  and the p o i n t  P' are a l l  i n  t h e  same plane.  The 
c e n t e r  of t h e  l e n s ,  0 ,  and the  p o i n t s  Ym and Ym c a n  be 

r e a d i l y  p r o j e c t e d  o n t o  t h e  base o f  t he  c y l i n d e r ,  o r  t he  base 

of t h e  cone i n  t h e  preferred case o f  t h e  cone having the same 
diameter as  t h e  c y l i n d e r  i l l u s t r a t e d  i n  FIG. 5a. The r e s u l t -  
i n g  p l a n e  d e f i n e d  by p o i n t s  Y&, Y&,, and 0 r e a d i l y  es tab l i sh  

t h e  a n g u l a r  o r i e n t a t i o n  of the  p o i n t  P' from some r e f e r e n c e  

l i n e .  A l i n e  th rough  the  c e n t e r  of the l e n s  a t  t h a t  o r i e n t a -  
t i o n  a n g l e  then  es tabl ishes  p o i n t s  a and b a t  diametrically 

o p p o s i t e  sides o f  the  l e n s .  P o i n t s  a, b and P I  t h e n  d e f i n e  a 

p l ane .  If a l i n e  from t h e  p o i n t  P' through the  c e n t e r  o f  the 

l e n s ,  0 ,  is p r o j e c t e d  on t h a t  p l a n e  t o  i n t e r s e c t  with the  

c y l i n d e r ,  a p o i n t  Q' a t  v e c t o r  c o o r d i n a t e s  r2z2 is estab- 

l i s h e d .  These c o o r d i n a t e s  r2z2 bear a r e l a t i o n s h i p  t o  the  

v e c t o r  c o o r d i n a t e s  r,zl of  the p o i n t  P' g i v e n  by the  f o l l o w i n g  

e q u a t i o n s  : 

1 1 1 - = - + -  

f r l  . r2 

where l / f  is the  known f o c a l  l e n g t h  of the l e n s .  From these  

e q u a t i o n s ,  and the  known h e i g h t s  Y, and Y,, v e c t o r  a n a l y s i s  
can b e  carried o u t  t o  de t e rmine  t h e  d i s t a n c e  d and a n g l e  O2 o f  
the p o i n t  P' from the cone axis ,  which is the a x i s  of the  

c y l i n d r i c a l  r e c e i v e r .  However, s o l u t i o n  of the r e s u l t i n g  

v e c t o r  a l g e b r a  e q u a t i o n s  necessa ry  t o  compute' d is rather  

35 complex. The re fo re ,  i t  is p r e f e r r e d  t o  make a t a b l e  o f  d i s -  
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t a n c e  as  a f u n c t i o n  o f  Ymy, Y, table  by o f f - l i n e  measurements 
for the  c y l i n d r i c a l  r e c e i v e r  when i t  is used i n  the  p r o x i m i t y  
s e n s o r  array o f  FIG. 1. The table  s i z e  r e q u i r e d  is a t  most 

M2, where M is the  number of  p i x e l s  of one l i n e a r  array of  
5 pho tosenso r s .  If a small number o f  l i n e a r  arrays are p r o v i d e d ,  

such  as t h e  n i n e  shown i n  FIG. 4b, and i n t e r p o l a t i o n  is used, 
each i n t e r p o l a t e d  l i n e a r  a r r a y  p o s i t i o n  t h a t  is de te rmined  t o  
t h e  desired p i x e l  r e s o l u t i o n  around t h e  wall of the  c y l i n d e r  
would t h e n  b e  inc luded  i n  t h e  tab le  as though a l i n e a r  a r r a y  

10 were p r e s e n t  i n  t h a t  i n t e r p o l a t e d  l i n e a r  array p o s i t i o n .  
Although p a r t i c u l a r  embodiments of t h e  i n v e n t i o n  have 

been descr ibed and i l l u s t r a t e d  h e r e i n ,  i t  is recogn ized  tha t  

m o d i f i c a t i o n s  and v a r i a t i o n s  may r e a d i l y  occur  t o  those 
s k i l l e d  i n  t h e  a r t .  Consequent ly ,  i t  is in t ended  t h a t  the 

15 claims b e  i n t e r p r e t e d  t o  cover  such m o d i f i c a t i o n s  and v a r i a -  
t i o n s .  
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ABSTRACT OF THE DISCLOSURE 

D I S T R I B U T E D  PROXIMITY SENSOR SYSTEM 

A d i s t r i b u t e d  p rox imi ty  s e n s o r  system is p rov ided  w i t h  

m u l t i p l e  p h o t o s e n s i t i v e  d e v i c e s  and l i g h t  emitters embedded on 

t h e  s u r f a c e  o f  a r o b o t  hand or o t h e r  moving member i n  a geo- 

10 metric p a t t e r n .  By d i s t r i b u t i n g  s e n s o r s  and emitters c a p a b l e  
of  d e t e c t i n g  d i s t a n c e s  and a n g l e s  t o  p o i n t s  on the s u r f a c e  of  
a n  o b j e c t  from known p o i n t s  i n  t h e  geomet r i c  p a t t e r n ,  informa- 
t i o n  is o b t a i n e d  f o r  w h i e v i n g  noncon tac t ing  shape  and d i s -  

t a n c e  p e r c e p t i o n ,  i . e . ,  f o r  a u t o m a t i c  d e t e r m i n a t i o n  o f  t he  

15 o b j e c t ' s  shape ,  d i r e c t i o n  and d i s t a n c e ,  as well as  the o r i e n -  

t a t i o n  of the  object r e l a t i v e  t o  the  r o b o t  hand o r  o t h e r  

moving member. 
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